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Introduction
Spherical bodies are variants of the normal helical spirochaete cell morphology, and have been reported in several spirochaetes (Leishman, 1918; Hampp et al., 1948; Czekalowski & Eaves, 1954; Hardy & Nell, 1961; Bladen & Hampp, 1964; Kernstock, 1976; Wolf et al., 1993; Sellwood & Bland, 1997) although their function is still unclear. In Treponema microdentium and Borrelia vincentii each contain two to more than 50 protoplasmic cylinders wrapped inside (Bladen & Hampp, 1964) . Spherical bodies were produced by Borrelia bugdorferi in spinal fluid and about 50% reconverted to helical cells when incubated in BSK-H Medium with 6% rabbit serum (Brorson & Brorson, 1998) . Hardy & Nell (1961) induced spherical bodies in the Reiter treponeme by reducing the NaCl concentration of the medium. Their formation involved a retraction of both ends of each cell and a ballooning in its centre. In the absence of any evidence that these could revert to helical cells, they were thought to represent degenerative forms. In Treponema denticola, four different quasi-multicellular bodies were seen: helical forms; those formed by an apparent movement of two treponemas in contrary directions within a common outer membrane, forming a plait; compression of the treponemes at one end to form club-like structures; and a further compression of these to the final stage, a spherical body (Wolf et al., 1993) . In a human intestinal spirochaete, most probably Brachyspira pilosicoli, spherical bodies contained several centrally located membrane bound, electron dense vesicles referred to as central bodies. Some of these contained DNA and carbohydrate, but no ultrastructural information was provided on their method of formation (Barber et al., 1995) .
Brachyspira hyodysenteriae is an anaerobic, helically shaped spirochaete causing swine dysentery in pigs (Taylor & Alexander, 1971; Harris et al., 1972) . It has a typical spirochaete ultrastructure. The eight to 14 periplasmic flagella, inserted in a V-shaped pattern (Hovind-Hougen et al., 1982 , 1990 or in two rows at each pole, coil around the protoplasmic cylinder (Holt, 1978; Hovind-Hougen et al., 1990) . Each cell is generally 0.29-0.45 mm wide and 5.6-15.0 mm long, but cell length varies with stage of growth and growth conditions and longer, straighter cells appear under suboptimal conditions (Sellwood & Bland, 1997) . This spirochaete can also form spherical bodies, which have been described as encapsulating part or all of the cell (Sellwood & Bland, 1997) . However, neither their ultrastructure nor method of formation have been described. Therefore, this study applied several electron microscopy techniques to resolve their organization and method of formation. While sharing many features in common with spherical bodies in other spirochaetes, evidence suggests they differ in their ultrastructure and method of formation from these.
Materials and methods

Bacterial strains and culture conditions
Brachyspira hyodysenteriae strain X384 was kindly supplied by Prof. D. Hampson, School of Veterinary Studies, Murdoch University, Australia. Although cultures of all strains of this organism examined at Intervet produced spherical bodies, strain X384 was chosen for this study since it was the one used for vaccine production. Cells were grown on sheep blood agar (SBA) (Oxoid, Australia) at 37 1C under anaerobic conditions in Anaerogen pouches (Oxoid). Broth cultures were grown at 37 1C on an OM6 (Ratek, Australia) orbital shaker at 100 r.p.m. in prereduced modified Kunkle's medium [30 g L À1 trypticase soy broth (BBL, Australia),
and 50 mL L À1 foetal bovine serum (Gibco, Australia)] (Kunkle et al., 1986) , below an atmosphere containing c. 1% v/v oxygen. Cultures were examined by dark field microscopy with an Olympus BX41 microscope, at Â 400 magnification. Caramelized medium was prepared by extending the autoclaving time from 20 to 30 min at 121 1C.
Scanning electron microscopy
Blocks of 3-and 7-day-old B. hyodysenteriae cultures growing on SBA (Oxoid) were removed with a scalpel and fixed in 2.5% glutaraldehyde (BDH, Australia) in 50 mM potassium phosphate buffer (pH 6.8) overnight at 4 1C, washed (3 Â ) in the same buffer, and postfixed in 1% osmium tetroxide in buffer for 3 h at room temperature. Followed further washing in this buffer (3 Â ), dehydration was performed in an acetone series for 10 min each, 70% overnight, 100% for 2 Â 15 min and the samples dried in a critical point drier (CPD 030, Bal-Tec Ltd.). Blocks were then mounted on stubs, coated with palladium using a Polaron E5100 Sputter Coater and examined with a scanning electron microscope (S150, Cambridge) at 20 kV.
Images were recorded digitally (DigiScan software with DigitalMicrograph 2.5).
Transmission electron microscopy (TEM)
For chemical fixation, cells were harvested from broth cultures grown in 500 mL bottles containing 300 mL of medium for 3-7 days by centrifugation at 10 900 g, washed once and resuspended in 50 mM potassium phosphate buffer (pH 6.8). They were fixed in 2.5% glutaraldehyde in the same buffer for 1 h at room temperature, washed three times and postfixed in 1% osmium tetroxide in this buffer for 40 min at room temperature. After a further wash, cells were dehydrated through an ethanol series and infiltrated with LR White resin (London Resin Company, England). The resin was polymerized overnight at 55-60 1C. Ultra-thin sections (70-90 nm) were cut with a diamond knife (Delaware Diamond Knives) and an LKB Microtome (2188, Ultrotome), mounted on formvar-coated copper grids. Poststaining was performed by floating sections on 2% uranyl acetate for 15 min and lead citrate (Reynolds, 1963) for 15 min.
In some experiments freeze substitution was used to process cells. Broth cultures were grown in 500 mL bottles containing 300 mL of medium for 3 days. A 1 mL aliquot of this was centrifuged at 16 300 g for 3 min and a 5 mL aliquot was sandwiched between two freezer hats before freezing in a high pressure freezer (Leica, Type 7225-01), and stored in liquid nitrogen. Frozen pellets were freeze-substituted in 0.1% uranyl acetate in acetone at À 90 1C for 72 h and the temperature was raised to À 50 1C at 6 1C h À1 . The cells were removed from the freezer hats, rinsed in acetone and infiltrated with HM20 low temperature resin. The resin was polymerized under UV light for 48 h at À 50 1C, and brought to room temperature at 6 1C h À1 , before being hardened under UV light for a further 24 h. Embedded cells were sectioned with a diamond knife on a Leica Ultracut R microtome and sections (90 nm) were collected onto formvar-coated copper grids. The section grids were sequentially stained with saturated uranyl acetate for 15 min and Triple Lead Stain for 10 min (Sato, 1968) . A Hitachi 800 transmission electron microscope was used for viewing sections and photographs were taken at 80 kV on Kodak EM film 4489.
Freeze fracture analysis
Samples were frozen in freezer hats as above and transferred to a cryopreservation chamber (Oxford Instruments, Model CT1500) held at À 170 1C and the upper freezer hat was mechanically removed with a scalpel blade. Ice was sublimated at c. À 97 1C for 1 min, and then samples were coated with platinum for 45 s. A scanning electron microscope (JEOL, model JSM6340F) was used to examine the specimens where the specimen stage was held at À 160 1C.
Determination of cell viability
Cell membrane integrity as an indicator of viability was evaluated by the LIVE/DEAD s (Molecular Probes) kit according to Carr et al. (2005) .
Results and discussion
On the basis of their 16S rRNA gene sequences the pathogenic spirochaete genera are genetically distinct (Paster & Dewhirst, 2000) . Therefore it is probable that large differences in the structure, method of formation, and function of spherical bodies exist between each genus. Apart from Brachyspira aalborgi, the recognized Brachyspira species share highly similar 16S rRNA gene sequences, indicating their speciation is a recent evolutionary event (Stanton, 1997) . Spherical bodies were described as highly organized structures in an uncharacterized human intestinal spirochaete shown by multilocus enzyme electrophoresis to belong to the species Brachyspira pilosicoli (Lee & Hampson, 1994) . Our results showed that whilst sharing some features, B. hyodysenteriae spherical bodies appear to be markedly different to these.
Growth conditions supporting formation of B. hyodysenteriae spherical bodies
Although most cells from 1-to 2-day-old cultures grown on SBA displayed the characteristic helical form of B. hyodysenteriae, about 1%, as assessed microscopically were in the form of spherical bodies, clearly visible by dark field microscopy. This percentage increased with increasing culture age (Figs 1a and b) . Cultures grown in modified Kunkle's medium behaved in a similar manner. Furthermore, frequency of occurrence of the spherical bodies increased after inoculating helical cells into caramelized medium, where most cells converted to spherical bodies within 30 min, possibly in response to conditions adverse to cell replication.
External morphology of spherical bodies
From the SEM data, spherical bodies formed after an initial swelling at the apex of each helical cell (Fig. 1a) , followed by an increase in its diameter, and a gradual retraction of the protoplasmic cylinder into the surrounding membrane. The final form of each characteristically possessed a number of localized surface protuberances (Fig. 1c) , which may arise from the presence of an enclosed surface associated protoplasmic cylinder. Although spherical bodies varied in their size, most were c. 2-3 mm in diameter, yet some were considerably larger (6-12 mm in diameter) (Fig. 1c) . As noted also by Sellwood & Bland (1997) some of the vegetative helical cells seen here under unfavourable growth conditions were much longer (2-3 Â ) than normal. These may represent two or more cells that have not divided properly, and it is possible that these cells transform to the larger spherical bodies. Methods for spherical body formation have not been described for all spirochaetes, but the process in B. hyodysenteriae differs to that in Treponema denticola (Wolf et al., 1993) , as no plaits or clubs were observed and the spherical body forms as a swelling of one end of the cell only, rather than a retraction of both ends of each cell and a ballooning in its centre, as described for the Reiter treponeme (Hardy & Nell, 1961) .
Internal ultrastructure of spherical bodies
Freeze substituted cells examined by TEM were better preserved than chemically fixed cells, since the internal organization of the protoplasmic cylinders and flagellar integrity were more clearly observed (Fig. 1d) . Thin crosssections of spherical bodies examined by TEM revealed they contained loosely associated electron dense material (Figs 1d-f), and consistent with features recorded for other spirochaetes (Umemoto & Namikawa, 1980; Umemoto et al., 1982; Wolf et al., 1993; Brorson & Brorson, 1998) , the protoplasmic cylinders were always located immediately beneath the outer membrane (Figs 1d-f) . Spherical bodies sized 2-3 mm diameter, each contained six to eight crosssections of the protoplasmic cylinder but the larger bodies (6-12 mm in diameter), showed an increase usually between 10 and 14 cross-sections per body. These larger bodies may have been formed by more than one spirochaete cell. The flagella appeared to unwind from the protoplasmic cylinder during retraction, but they still remained attached by means of the insertion discs, and in some specimens they were seen radiating outwards from the protoplasmic cylinder. These observations are consistent with the view that each retracted protoplasmic cylinder was deliberately becoming wrapped around and anchored against the inner surface of the outer membrane. Occasionally the interior of the protoplasmic cylinder appeared engorged, similar to that seen in the spherical bodies formed by the oral spirochaete strain CG7201, where additional large protoplasmic cylinders were observed (Umemoto & Namikawa, 1980) . Some sphericalshaped cells possessed a large central membrane bound electron dense body (Figs 1g and h ), or central body, but usually in these bodies very few or no accompanying peripheral protoplasmic cylinders were observed (Fig. 1h) . Interestingly B. hyodysenteriae cells containing these central bodies were absent in 3 days cultures, but they were observed in 4-7 days cultures suggesting that they may represent the final form of the spherical body.
The presence of a large swollen central body was also confirmed by freeze fracture electron microscopy ( Fig. 1g ) in spherical bodies from aged cultures, suggesting that the central bodies are likely to have originated from the protoplasmic cylinder. Similar single bodies have been reported in T. denticola and Borrelia burgdorferi (Wolf et al., 1993;  Brorson & Brorson, 1998) . However, surprisingly, the human intestinal spirochaete B. pilosicoli produced spherical bodies that contained multiple, large membrane bound central bodies (Barber et al., 1995) , and large numbers of peripherally located protoplasmic cylinders. Electron dense central bodies contained DNA and carbohydrate, which were generally absent from the small number of electron lucent central bodies seen (Barber et al., 1995) . The difference in size and the number of central bodies between the two Brachyspira species could be explained by the B. hyodysenteriae spherical bodies originating from one or at most two protoplasmic cylinders, whereas for the human intestinal spirochaete, they may arise from the coalescence of multiple protoplasmic cylinders.
Viability of spherical bodies
A small number of spherical bodies were always seen in actively growing B. hyodysenteriae cultures, but their presence increased as the culture aged. This supports the work of De Ciccio et al. (1999) who also found adverse environmental conditions induced formation of spherical bodies in T. denticola. It was clear that B. hyodysenteriae cultures incubated at 37 1C for 1-10 days, and existing predominantly as spherical bodies, grew well when inoculated into fresh medium, suggesting that the B. hyodysenteriae spherical bodies are viable. However, it is possible that these aged cultures contain small numbers of viable helical cells. The LIVE/DEAD s stain showed that 2-day-old cultures contained both live and dead spherical bodies, and the percentage of dead bodies increased in a 5-day-old culture. The fluorescence signal from the live spherical bodies was very weak, suggesting a low DNA content. The organized structure of the spherical bodies would also suggest that they are viable, and may have a functional role in protecting the cell from adverse environmental conditions, as cross-sections of peripherally located protoplasmic cylinders and the larger central bodies contained ribosomes and did not contain degenerative cytoplasmic contents.
The outer membrane of Brachyspira species is unusual in containing cholesterol and is more prone to osmotic shock and lysis than other spirochaete genera (Plaza et al., 1997; Trott et al., 2001 Trott et al., , 2004 , in which case the formation of spherical bodies is more likely to be an adaptive survival response to adverse environmental conditions than a degenerative form.
